The sulfur present in both agricultural and uncultivated soils is largely in the form of sulfonates and sulfate esters and not as free, bioavailable inorganic sulfate. Desulfurization of the former compounds in vitro has previously been studied in Pseudomonas putida, a common rhizosphere inhabitant. Survival of P. putida strains was now investigated in three sulfur-deficient Danish soils which were found to contain 60 to 70% of their sulfur in sulfonate or sulfate ester form, as determined by X-ray near-edge spectroscopy. The soil fitness of P. putida S-313 was compared with that of isogenic strains with mutations in the sftR and asfA genes (required for in vitro desulfurization of sulfate esters and arylsulfonates, respectively) and in the ssu locus (required in vitro for the desulfurization of both sulfonates and sulfate esters). asfA or sftR mutants showed significantly reduced survival compared to the parent strain in bulk soil that had been enriched with carbon and nitrogen to mimic rhizosphere conditions, but this reduced survival was not observed in the absence of these additives. In a tomato rhizosphere grown in compost, survival of sftR and ssu mutants was reduced relative to the parent strain. The results demonstrate that the ability to desulfurize sulfonates and sulfate esters is critical for survival of bacteria in the rhizosphere but less so in bulk soils outside the influence of plant roots, where carbon is the limiting nutrient for growth.
The search for bacterial traits that help determine bacterial fitness to survive in soil and rhizosphere environments has been driven by the hope of utilizing free-living bacterial populations for biofertilization, biocontrol of plant pathogens, or biodegradation of toxic compounds. Traits which are important in bacterial fitness to survive in soil include the ability to adhere to soil particles and to the rhizoplane (4, 5) , synthesis of antibiotics (32) , and motility and prototrophy (6) . However, the soil environment has been described as "grossly oligotrophic" (34) and microbial populations inhabiting it must possess a diverse metabolism in order to fulfill their nutritional requirements. The main driver of microbial diversity in bulk soil is therefore the availability of mineral and organic nutrients, with available carbon being the limiting nutrient (24) . Within the plant rhizosphere, by contrast, rhizodeposition provides a broad range of organic and amino acids, sugars, and oligosaccharides (3) and these supply most of the carbon and nitrogen requirements to support a rich and diverse microbial community (10, 30) .
Indeed, the very diversity of carbon sources plays an important role in generating niche competition between microorganisms. Soil pseudomonads can utilize a wide variety of carbon sources (28) , partly explaining their ready adaptation to a variety of plant and soil types. Nitrogen can be assimilated from amino acids contained in root exudates (9, 17) or utilized in the form of nitrate (29) . Micronutrients like iron and phosphorus are also essential for bacterial metabolism and can be mobilized by particular groups of bacteria. For example, sequestered iron in the soil may be accessed through siderophore biosynthesis by fluorescent pseudomonads (31) whereas insoluble phosphorus (either precipitated mineral phosphate or organic phosphates such as phytate and other phosphate esters) can be mobilized by many soil bacteria (13) , especially Pseudomonas, Bacillus, and Rhizobium species (36) .
The preferred source of sulfur for microorganisms is inorganic sulfate (21) , but more than 95% of the soil sulfur is organically bound as a heterogeneous mixture of forms, including sulfate esters and carbon-bonded sulfur (sulfonates or peptide residues) (37) . Radiochemical studies have shown that these forms of sulfur are rapidly interconverted in the soil, but it is not yet clear which organisms are responsible for these transformations or what direct effect this has on the supply of sulfur for plant uptake (22) .
In previous work, we identified three main gene loci that are involved in the utilization of organosulfur (sulfonates and sulfate esters) by Pseudomonas putida S-313 during growth in laboratory media (19, 20, 23) . These include the asf locus, which is required for arylsulfonate-sulfur utilization (48) , the ats/sft locus, which is required for the desulfurization of sulfate esters (19) , and the ssu locus, which is involved in the utilization of both sulfonates and sulfate esters (20) . Since P. putida is a common soil pseudomonad, we hypothesized that these specific mineralization activities could play a key role in the fitness of P. putida in the soil environment. In this report, we use wild type/mutant comparisons to assess the importance of arylsulfonate, alkylsulfonate and sulfate ester utilization pathways on the survival of P. putida S-313 under various soil conditions and in a tomato rhizosphere.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains used in this study are listed in Table 1 . Pseudomonas putida strains were grown aerobically at 30°C on Luria-Bertani (LB) medium, and rifampin (100 g/ml) and kanamycin (25 g/ml) were added as required. For the preparation of soil inocula, the P. putida strains were grown for 24 h as a bacterial lawn on LB medium containing the appropriate antibiotic and then harvested, washed twice with 0.1 M MgCl 2 , and resuspended in 0.1 M MgCl 2 before application to soil microcosms. For enumeration of bacteria recovered from the soil, cycloheximide (100 g/ml) was added to the medium to inhibit fungal growth.
Plant growth conditions. Licopersicon esculentum var. Ailsa Craig was used as a model plant in rhizosphere colonization assays. Seeds were sterilized in a 10% (vol/vol) solution of NaOCl for 20 min, washed three times with sterile distilled water, placed on sulfur-free Murashige-Skoog-agarose plates, and incubated for 5 days in a growth chamber on a cycle of 16 h light (25°C) and 8 h dark (22°C). Plantlets of L. esculentum were transferred into propagators set up with five pots per soil condition.
Soils and nutrient enrichment. The effect of soil organic content and nutrient enrichment conditions was studied in three sandy soils collected in the area of Karup, Denmark. These were collected from an agricultural site (A), a forest site (F), and an area of natural grassland (G). The soils were washed with distilled water, air dried, and sieved (Ͻ4 mm). Full characterizations of the soils are shown in Table 2 . Viking MH compost (Taylors Organex, United Kingdom) was used to assess bacterial survival in the rhizosphere of tomato. Soil nutrient enrichment was achieved by adding dilution buffer (1% [wt/vol] tryptone-0.1% [wt/vol] sodium pyrophosphate at 5 ml per 15-g microcosm) to the soil together with the bacterial inoculum. The solution contained no detectable sulfate (Ͻ0.1 M), as measured by suppressed ion chromatography (see below).
Measurement of bacterial population dynamics. For population dynamics studies, the bacterial inocula were added to obtain a bacterial density of 10 6 , 10 7 , or 10 8 CFU g Ϫ1 dry soil, using separate propagators for each strain. For rhizosphere experiments, inoculated propagators were incubated for 3 days before introduction of the germinated seeds. To measure population dynamics, four samples of bulk and/or rhizosphere soil were collected from independent replicate pots at suitable time intervals (usually 7, 14, 21, 28, and 33 days). Each soil sample was suspended in 5 ml sterile dilution buffer (1% [wt/vol] tryptone-0.1% [wt/vol] sodium pyrophosphate) (43) and mixed for 60 s with a vortex shaker. The soil suspensions were diluted in the dilution buffer and plated on LB medium containing the appropriate antibiotics. After enumeration of colonies, the bacterial concentrations [B] were expressed as CFU per gram of dry soil (CFU g Ϫ1 dry soil). The kinetics of survival were approximated by linear regression of the log [B] values against time. Linear regression analysis was performed according to the method of Gardner and Altman (12) , using a 95% confidence interval.
Characterization of soil sulfur composition. X-ray absorption near-edge spectroscopy (XANES) measurements at the sulfur K-edge were used to characterize the sulfur oxidation states present in the soils studied. The measurements were made at the Daresbury Synchrotron radiation source (2-GeV storage ring, operating typically between 250 and 180 mA) on beamline 3.4. This beamline has a planar premirror which functions as a high-energy cutoff and a toroidal focusing mirror. For these experiments, Si(III) crystals were used in the monochromator and the toroidal mirror was set to provide collimated light through the monochromator; energy resolution in this geometry is approximately 0.3 eV. Incident intensity (I o ) was monitored by placing a 0.75-m Al foil sheet between the monochromator and the sample. Measurements were performed within a chamber pumped down to high vacuum (Ͻ1 ϫ 10 Ϫ7 Torr). Fluorescence yield intensity measurements reported here were made using a gas microstrip detector (39) ; fluorescence intensities were optimized by adjusting the angle of incidence onto the sample. The detector was at 90 o relative to the incident beam and located approximately 25 mm from the sample surface. XANES scans were subdivided into several separate energy regions spanning the region from approximately 2,430 to 2,550 eV. Extensive standardization with reference compounds was completed as discussed below, using the theoretical value for the K-shell absorption edge of elemental sulfur (2,472 eV) as reference. Samples were prepared as pressed 13-mm-diameter pellets diluted approximately 50% with either pure carbon or boron nitride. Gaussian curves were fitted to the XANES spectra of the standard compounds used, representing the range of sulfur oxidation states expected in aerobic soils. The relative amount of each oxidation state within a soil sample was then calculated by fitting the experimental XANES spectra for each soil to a linear combination of the standard spectra, using the least-squares fitting routine SOLVER supplied in Microsoft Excel.
Total inorganic sulfate in the soils was quantified by extraction and ion chromatography. Soil samples (5 g) were extracted with 16 mM KH 2 PO 4 (25 ml) for 30 min (7) and filtered. The sulfate concentration in the filtrate was determined by suppressed anion chromatography using an AG14/AS14 anion-exchange column (Dionex), and conductimetric detection (eluent, 3.5 mM Na 2 CO 3 -1.0 mM NaHCO 3 ; flow rate, 1.2 ml/min).
RESULTS
Soil management and nutrient availability affect the fitness of bacteria to survive in soil. We compared the bacterial population dynamics of four P. putida strains (S-313R, SN36, PH18, SN34) ( Table 1) in three soils (agricultural, grassland, and forest soils from central Denmark) and two nutrient enrichment conditions (enriched [E] and nonenriched [NE] ). For the purposes of this experiment, we considered the plant rhizosphere to represent a general source of nutrients for soil microbial communities, and this was modeled by the nutrient enrichment procedure used. After addition of a bacterial inoculum to the soil, a reproducible pattern of bacterial population dynamics was observed, with a rapid increase in population for 1 day, followed by a decrease over time. These bacterial population dynamics were influenced in two main ways by the addition of nutrients: (i) initial bacterial densities (day 1, i.e., 1 day after inoculation) were significantly higher in ). However, from day 8 to day 32, the log-transformed bacterial densities decreased linearly. These linear decreases represent the equilibrium between the growth and death rates of bacterial populations and are referred to here as survival or survival rate.
Overall, P. putida populations were maintained at a higher density in enriched soil than in nonenriched soil. In the forest soil, enrichment also improved the bacterial survival rate whereas it did not affect the survival in agricultural and grassland soils. This suggests that the enrichment provides nutrients that limit bacterial survival in the forest soil but not in the agricultural or grassland soils, probably phosphorus, since this is present at much lower levels in the forest soil than in the other two (Table 2) .
Pathways for utilizing organic sulfur sources are involved in soil bacterial fitness. To evaluate the importance of bacterial organosulfur metabolism in soil fitness, we measured the survival rates in each soil for the parent strain P. putida S-313R and the mutant strains PH18, SN34, and SN36 under enriched conditions (Table 3 ). In the agricultural soil, the survival of strain PH18 was significantly reduced compared to the other strains. In the grassland soil, mutants PH18 and SN36 showed similar reduced survival rates compared to both the wild type and mutant strain SN34. All strains showed similar survival in the forest soil. The poor survival of mutant strains PH18 and SN36 in enriched soil indicates that the abilities to desulfurize sulfate esters (defective in strain PH18) and aromatic sulfonates (defective in strain SN36) are important for P. putida S-313R to compete for nutrients.
Although the sulfonatase and sulfatase genes were important for P. putida survival in enriched soil, in unenriched soils, the situation was different (Table 4 ). In the agricultural soil, the survival rates of all strains were similar. In the grassland soil, the survival rates of strains SN34 and SN36 were significantly higher than that of strain PH18, though SN34 and SN36 did not survive significantly better than the wild type. In the forest soil, strain SN34 had a significantly higher survival rate than either strain S-313R or mutant strains PH18 and SN36. These results imply that in unenriched soils, the survival of P. putida S-313R is not reduced by the various mutations affecting the ability to assimilate organically bound sulfur but that other factors are limiting bacterial survival in native soils. These factors may be different for different soils-forest soil contained much higher levels of organic carbon than the other two soils but also a much lower phosphorus level and had the lowest pH (Table 2) . Interestingly, the better survival of the ssu mutant strain SN34 in grassland and forest soils, compared to strain S-313R, would seem to indicate a negative effect of expression of the ssu genes on survival of P. putida, but this has not yet been explored further.
Determination of soil sulfur composition using XANES. Differential soil competence of P. putida strains with differing ability to utilize sulfonates and sulfate esters (Table 3) suggests that the soils studied may differ in their sulfur compositions. Sulfur compositions of the soils were measured by XANES. K-edge spectra were obtained for each of the soil samples studied, and these were then fitted with standard spectra obtained for cysteine, methionine sulfoxide, methionine sulfone, a sulfate ester (sodium dodecyl sulfate), two sulfonates [taurine (2-aminoethanesulfonate) and benzenesulfonate], and sodium sulfate (Fig. 1) . Two approaches were used for the fitting, which gave convergent results. In the first of these, the standard spectra were fitted to each total soil spectrum in order to determine the proportion of each sulfur state in the soil. In the second approach, the soil spectra were deconvoluted into a series of Gaussian curves, which could then be assigned to the standard spectra. The concentration of each sulfur species in each soil sample was then calculated from the total sulfur content of the soil (Table 2) .
Overall, the grassland soil showed much lower levels of sul- (Table 2 ). All the soils contained very low levels of inorganic sulfate (0.41 to 2.2% of total sulfur), with the agricultural soil poorest in sulfate (Table 5) . Grassland soil was dominated by sulfonate sulfur, but it was not possible to determine from the spectra whether this sulfonate sulfur was bound mainly to aliphatic or aromatic carbon. The agricultural soil contained approximately equal portions of sulfonate and sulfate ester sulfur, whereas the forest soil was dominated by sulfate ester sulfur. The proportion of amino acid sulfur was fairly uniform for the three soils (27 to 38% of total sulfur) ( Table 5) , which is significant because this sulfur source is expected to be available to all the strains examined. Utilization of organic sulfur sources is important in rhizosphere competence. The above experiments explored the importance of sulfatases and sulfonatases for bacterial survival in soils, with nutrient enrichment used to model a rhizosphere effect. These results were now extended by examining the survival of mutant strains SN36, PH18, and SN34 in the rhizosphere of tomato plants. To reduce the variables in the system and obtain consistent plant growth, the plants were cultivated in compost-the compost used contained high levels of inorganic sulfate (0.7 g S/kg), but in the immediate vicinity of the plant root, where bacterial colonization occurs, we anticipated that sulfate levels were reduced due to plant uptake. Each bacterial strain was inoculated at three initial densities in order to measure density effects on survival, but the initial differences of bacterial concentration were found to be maintained over the course of the experiment, resulting in similar survival rates regardless of initial density for all strains except for strain S-313 at low cell density (Table 6 ). Overall regression analysis indicated that the survival rates in the tomato rhizosphere varied according to the inoculated strain. Compared to the wild-type strain S-313R, the survival of the asf mutant strain SN36 was lower, whereas survival rates of both the sftR mutant strain PH18 and the ssu mutant strain SN34 were greatly re-FIG. 1. X-ray near-edge spectroscopy (XANES) to determine sulfur composition of soil. Sulfur K-edge spectra were measured for a number of standard compounds and fitted to Gaussian curves (B). These were then used to model the XANES spectrum of the studied Danish agricultural soil (A, unbroken line), as described in Materials and Methods. The optimized model spectrum (A, dashed line) gave the sulfur species composition given in Table 5 . BS, benzenesulfonate; Met-SO, methionine sulfoxide; Met-SO 2 , methionine sulfone. duced. These differences highlight the importance of the sulfonate and sulfate ester assimilation pathways for the fitness of P. putida in the rhizosphere of tomato cultivated in compost. XANES measurements of sulfur composition of the compost were unsuccessful because of the high content of organic carbon and the fibrous nature of the sample. However, the low survival of strains PH18 and SN34 suggests that sulfate esters are likely to be the primary source of organic sulfur in the compost used.
DISCUSSION
Deficiency in inorganic sulfate levels in soils has been of concern in agriculture for some years now, especially in areas with sandy soils (37, 38) . Sulfur deficiency in crop plants affects both the quality and the quantity of crop yield and has other effects, including chlorosis and stunted growth (37) . However, although many soils are low in inorganic sulfate, they often contain sufficient amounts of sulfur as carbon-bound sulfur, largely as sulfonates and sulfate esters. In this report, we show that these organically bound sulfur forms are important for the survival of bacteria, both in the bulk soil and in a tomato rhizosphere. Mutants of P. putida S-313 with mutations in the asf, ssu, and ats/sft gene loci showed impaired soil and rhizosphere competence compared to the wild type, with the highest effects seen in the soil that was lowest in total sulfur. Since rhizosphere bacteria often have a very close and mutually protective relationship with their host plants, these findings also have important implications for plant sulfur metabolism.
In unamended soils, survival profiles and first-order decay rates for P. putida S-313 were comparable with those previously observed for pseudomonads (first-order decay rates between 0.02 and 0.11 day Ϫ1 [45] ). We found that bacterial fitness to survive in all three soils was very similar for the four strains studied and was therefore largely independent of the ability to use sulfonates or sulfate esters (Table 4) . However, this is not an unexpected result in bulk soil, since previous studies have shown that carbon supply, and not sulfur supply, is the main factor limiting bacterial growth (measured either by thymidine incorporation [1] or using reporter systems [26, 47] ). Carbon supply to soil microbes comes largely from plant roots, and the microbial environment in the rhizosphere may be envisaged as a gradient of carbon limitation that increases dramatically with increasing distance from the rhizoplane (41) . By contrast, in bulk soil, nitrogen and phosphate are not limiting nutrients (15, 27) , but on the rhizoplane, they may become so, due to competition with plants for nutrient uptake (27) . Although it might be anticipated that starving a bacterial population for carbon before inoculating it into the soil might increase adaptation and increase the bacterial survival rate, this is not in fact the case (14, 46) . However, increased survival was observed for a Pseudomonas fluorescens R2f that had been starved of multiple nutrients (C, N, P, S) before soil inoculation, but this was not found for another soil strain, P. fluorescens CHA0 (14) , and the role of adaptation to nutrient deprivation in the soil is therefore still uncertain. In this work, we supplemented the soils with a source of carbon, nitrogen, and phosphorus in order to create conditions where total sulfur concentrations might limit bacterial growth. Under these conditions, the mutant strains that were defective in the ability to utilize sulfonates or sulfate esters often survived more poorly than the wild type, depending on the soil used (Table 3) . This effect was seen most strongly in the grassland soil, corresponding to the lowest value for total sulfur of the soils studied (Table 2) . A similar effect was seen previously for nitrogen limitation, where an N-regulated lux reporter in P. fluorescens DF57 was not expressed in the soil unless carbon and phosphorus supplementation was applied (15) . We conclude that sulfonates and sulfate esters are important sources of sulfur for bacteria residing in bulk soil but are not usually limiting for growth.
Supplementation of the bulk soil with carbon and nitrogen constituted a crude model for the rhizosphere itself, where these additional nutrients are provided by rhizodeposition. However, it is an inadequate model, since it ignores many other factors, including spatial variability, predation, and microbial community effects (42) . We therefore also carried out the fitness studies in a tomato rhizosphere and found that P. putida strains that are unable to use sulfate esters or sulfonates in vitro showed greatly reduced survival rates compared to the wild-type strain (Table 6 ). This is a very significant result, suggesting that the competition for sulfur in the rhizosphere is very strong (both between microorganisms and possibly between plants and microbes) and may play an important part in bacterial colonization and survival. This competition may well also have an impact on the utilization of other nutrients. Previous studies with a phosphate limitation reporter (27) , for example, have shown that phosphate is a limiting nutrient for bacteria in a gnotobiotic barley rhizosphere, but not in a natural rhizosphere. It was suggested that phosphate limitation might be reduced in the natural system by protozoan grazing or by phosphate mobilization within the total community (phosphate release by bacteria has been reviewed [36] ). However, the effect could in principle also be caused if increased com- petition for sulfur within the natural system reduced the net requirement for phosphorus compared with the gnotobiotic one. This is currently being explored in more detail in our laboratory, using reporter strains for the genes of interest. Carbon is present within the soil as low-molecular-weight compounds (especially within root exudates), but it is also present as highly polymeric compounds, especially as degradation products from plants (24) . The same is also true for organically bound soil sulfur, and many of the XANES studies of soil sulfur have in fact been carried out with the high-molecular-weight humic fraction (33, 40, 49) . Mobilization of sulfur from such high-molecular-weight polymers requires extracellular enzymes to break down the polymers before sulfur assimilation can occur. Interestingly, the sulfonatase and sulfatase enzymes encoded by the ssu, asf, and ats gene loci all require cofactors and are intracellularly located: the alkanesulfonatase and arylsulfonatases of P. putida S-313 require a reduced flavin mononucleotide pool (20, 48) , and the main alkylsulfatase of P. putida S-313 is an ␣-ketoglutarate-dependent dioxygenase (18) . In addition, all three gene loci studied contain specific transporter components that are coregulated with the oxygenase genes. We postulate that sulfur-containing polymers are cleaved either by extracellular fungal and actinomycetal enzymes or by uncharacterized bacterial activities present in the native rhizosphere, providing low-molecular-weight intermediates that can then be taken up and processed intracellularly. Extracellular sulfatase enzymes are common in soil (25) (though not produced by strain S-313 [19] ), but their role remains uncertain since the addition of sulfatase to two different soils had no effect on the measured rate of sulfate release (11) .
Two methods can be used for the determination of soil sulfur composition. Different sulfur species show differential reactivities to reducing agents, and traditionally, this property has been used to determine soil sulfur composition. Sulfate esters can be quantified by hydrogen sulfide released after hydriodic acid treatment, amino acid sulfur can be measured similarly after Raney-Ni reduction, and carbon-bound sulfur can then be calculated from the residual sulfur after subtraction of the inorganic sulfate present (8) . More recently, sulfur species have often been determined by sulfur K-edge XANES, the method used in this work, using either whole soils and sediments (16, 35) or extracted humic substances (40, 44, 49) . The method is nondestructive and requires little material and allows the determination of soil content of a range of sulfur oxidation states (Fig. 1) . The soils used in this study were from a small area of central Denmark, with similar texture but taken from sites with different land use histories. All these soils showed low levels of inorganic sulfate (Table 5 ), but they differed in their content of other sulfur species. In particular, the agricultural soil showed higher levels of sulfonate-sulfur, while grassland soil was poor in sulfate esters. XANES analysis of all three soils showed that 27 to 30% of total sulfur was present as amino acid sulfur (Table 5 ). This is higher than the average values obtained in previous studies (e.g., 7 to 25% of total sulfur found as amino acids in a range of forest soils [2] ) probably because we obtained XANES spectra from whole soils rather than from extracted humic materials. This method gives a broader picture, since it includes both inorganic and organic sulfur, but it is likely that the reduced sulfur present in bulk soil contains uncharacterized inorganic compounds which could bias the measured amino acid sulfur pool.
Initially, we attempted to correlate bacterial survival rates in the three soils studied with the soil properties, including both sulfur composition and other characteristics ( Table 2) . We anticipated that bacteria deficient in sulfonatase activity, for example, would survive significantly less well in a soil containing a high proportion of sulfonate-sulfur. However, although these effects can be seen for individual comparisons (e.g., the sulfonatase mutant strain SN36 survived poorly in the grassland soil compared to the agricultural soil [ Table 4 ]), the small number of soils studied and the multifactorial nature of bacterial soil fitness made it hard to reach statistically significant generalizations. In particular, although bacteria showed significantly lower survival in the grassland soil, this was presumably not because of specific changes in sulfur composition but because the overall sulfur content was lower than for the other two soils. However, a few other correlations were noted; hence, the grassland soil contained reduced levels of silt and clay compared with the forest and agricultural soils, and this correlated with a decreased content of sulfate ester sulfur, confirming previous conclusions that clay particles are enriched in sulfate ester sulfur (40) . We are grateful to Lars Elsgaard for assistance and advice in obtaining and preparing soils and to Marie Goldrick for help in the measurement of bacterial population dynamics.
